Alpha-2 noradrenergic agonists are known for their effects on a wide range of central and peripheral functions, such as analgesia, opiate withdrawal, cardiovascular control, sedation, attention, anxiety, feeding, and temperature and hormonal regulation. They have many clinical uses, including as a preanaesthetic, to control blood pressure, and to treat insomnia, Tourette's syndrome, and attention deficit hyperactivity disorder. This broad range of effects is consistent with the broad projections of the noradrenergic system along the length of the neuroaxis. One aspect of ␣ -2 receptor function receiving increasing examination is its role in cognitive processing.
Clonidine and other ␣ -2 agonists have previously been shown to improve spatial working memory in animals that have depleted levels of NE. This effect is seen when NE is depleted globally or when limited to the prefrontal cortex (PFC). In monkeys, a 6-OHDA lesion of the PFC, causing significant depletion of both dopamine and NE, produced as profound an impairment on the delayed alternation task as removal of the cortex itself (Brozoski et al. 1979) . Clonidine significantly improved performance in these 6-OHDA treated monkeys, and was most potent in those animals with the greatest NE loss in the PFC (Arnsten and GoldmanRakic 1985) . Aged monkeys, with naturally occurring catecholamine depletion, are also improved by ␣ -2 agonist treatment (Arnsten and Goldman-Rakic 1985; Arn-sten et al. 1988; Jackson and Buccafusco 1991; as were animals with NE depletion produced by reserpine (Cai et al. 1993) or MPTP (Schneider and Kovelowski 1990) . Aged rats are also improved by ␣ -2 agonists . In humans, clonidine has been used clinically to treat disorders thought to involve prefrontal cortical dysfunction, such as mania (Hardy et al. 1986; Bakchine et al. 1989) , ADHD (Hunt et al. 1985) , and Tourette's syndrome (Cohen et al. 1980) and has been shown to improve PFC tasks in patients with Korsakoff's syndrome (Mair and McEntee 1986) and schizophrenia (Fields et al. 1988) .
Although improvements in human patients and catecholamine-depleted animals have been described, it is less clear whether ␣ -2 agonists can produce cognitive enhancement in normal subjects. In normal young monkeys, Jackson and Buccafusco (1991) found a very small but significant improvement (about 3%) in working memory following low doses of clonidine, but animals did not perform on this task following higher doses. In human volunteers, clonidine has been found to both increase or decrease task performance, depending on the task and the dose used. Most typically, low doses of clonidine, in the range of 0.001-0.003 mg/kg have been found to impair human subjects on tasks involving sustained attention (Clark et al. 1989; Coull et al. 1995b) and paired associate learning (Frith et al. 1985) . Imaging studies have found these impairments to be accompanied by decreases in rCBF in the thalamus, mostly during low-arousal states (Coull et al. 1997) .
Some studies have found that these same low doses can improve performance on spatial working memory and paired associate learning tasks (Coull et al. 1995a, b) . However, another recent study found that clonidine did not improve working memory in humans (Jakala et al. in press) . It is likely that lower doses of clonidine used in these studies primarily engage pre-synaptic ␣ -2 receptors, decreasing LC firing, and decreasing NE release. Slightly higher doses may begin to engage postsynaptic receptors, and the opposing actions at preversus post-synaptic receptors may contribute to the conflicting results often observed in human cognitive studies. Given these inconsistent findings in humans, the current experiment was undertaken to examine a broad range of clonidine doses. It is important to examine in young animals the effects of clonidine as well as guanfacine, even though evidence suggests guanfacine is the more interesting drug to pursue. First, a comparison of the effects of the two drugs could further clarify receptor mechanisms. Second, clonidine, as the prototypical alpha-2 agonist, is much more widely used than guanfacine both clinically and in basic research and it is thus useful to study its effects separately.
The effects of the anxiolytic diazepam have also been examined on tests of attention and memory in human subjects. This benzodiazepine and clonidine act on different neurotransmitter systems, but can produce some overlapping behavioral and physiological effects. Diazepam has been widely used as an anxiolytic medication and clonidine has also been found to decrease anxiety (Hoehn-Saric et al. 1981) . Like clonidine, diazepam can decrease firing of the locus coeruleus (Grant et al. 1980) , attenuate both basal and stress induced NE release in the mPFC (Rossetti et al. 1990 ), attenuate dopamine release in the nucleus accumbens (Murai et al. 1998) , and attenuate sensory evoked acetylcholine release in the medial PFC in rodents (Acquas et al. 1998) . In order to address the possibility that clonidine may be effecting task performance indirectly by altering measures also effected by diazepam, the current study also characterized delayed response performance in young monkeys following diazepam treatment (1.0, 2.0, and 3.0 mg/kg). These doses are known to be anxiolytic and sedative in humans and in monkeys (Wayner et al. 1989; Dawson et al. 1995) .
METHODS

Subjects
The animals used in this study were 6 young adult female rhesus monkeys ( Macaca mulatta ) ranging in age from 4 years (post-pubescent) to 15 years (late middle aged). The monkeys were individually housed and maintained on a diet of Purina monkey chow supplemented with fruit. Care of the animals followed the guidelines in "Guide For the Care and Use of Laboratory Animals" and was approved by the Yale Animal Care and Use Committee. Animals were always tested at the same time of day immediately prior to feeding. Highly palatable food rewards (e.g., peanuts, raisins or chocolate chips) were utilized during testing to minimize the need for dietary regulation. Each animal's preferred reward was determined early in their cognitive testing history and was typically the only reward used for this animal for the duration of the study. Occasionally an animal showed signs of tiring of a specific food reward; in this case the reward was changed and drug was not administered until the animal was again performing in a stable manner.
Delayed Response Testing
Cognitive testing occurred in a Wisconsin General Testing Apparatus (WGTA) situated in a sound-attenuating room. Background masking noise (60 dB, wideband) was also used to minimize auditory distractions. The monkeys had been trained on the 2-well delayed response task as described previously (Arnsten et al. 1988) . During delayed response, the animal watches as the experimenter baits one of two foodwells with a food reward. Care is taken by the experimenter to ensure that the animal attends the baiting procedure. The foodwells are then covered with identical cardboard plaques, and an opaque screen is lowered between the animal and the tester for a specified delay. At the end of the delay, the screen is raised and the animal is allowed to choose. Reward is quasi-randomly distributed between the left and right wells over the 30 trials that make up a daily test session. Five different delay lengths (referred to as delays A through E) were also quasi-randomly distributed over these 30 trials. The shortest of these delays was less than 1 second (the "0" sec A delay). The remaining delays were in the range which for each individual monkey yielded baseline performance of about 70% across all delays (i.e., 18-22 trials correct of the possible 30 trials). For example the delays for one animal might be A ϭ 0, B ϭ 5, C ϭ 10, D ϭ 15, and E ϭ 20 seconds. The B delay for the five animals ranged between 5 and 30 seconds; therefore the E delay ranged from 20 and 120 seconds. The animals were tested twice a week with 3-4 days separating each test session (e.g., Monday and Thursday).
Sedation Assessment
Sedation and agitation were rated using a 9 point scale where Ϫ IV ϭ too agitated to test, Ϫ III ϭ agitation which interferes with testing, Ϫ II ϭ slight agitation which does not interfere with testing, Ϫ I ϭ more alert than usual, 0 ϭ normal level of arousal, I ϭ quieter than usual, II ϭ sedated (drooping eyelids, slowed movements), III ϭ intermittent sleeping, and IV ϭ too sedated to test. Aggression was rated using a similar scale where Ϫ III ϭ dramatically more aggressive, Ϫ II ϭ moderately more aggressive, Ϫ I ϭ mildly more aggressive, 0 ϭ normal, I ϭ mildly less aggressive, II ϭ moderately less aggressive, and III ϭ dramatically less aggressive.
Drug Administration
Drug solutions were made up fresh each day under sterile conditions. A washout period of at least 10 days occurred between all drug treatments. Each drug treatment was only administered when a monkey was exhibiting stable performance on the delayed response task (at least two consecutive testing days of performance between 18 and 22 correct). The order of dose administration was determined quasi-randomly, and the experimenter testing the animal was unaware of the treatment condition. Each animal was administered saline at a point when drug would have been administered at least three times during the course of the study. Clonidine was diluted in sterile saline and injected intramuscularly (IM) one hour before each testing session. The clonidine doses tested were 0.0001, 0.001, 0.01, 0.02, 0.05, and 0.1 mg/kg. The dose which best improved task performance for each animal was repeated alone and in combination with the ␣ -2 adrenergic antagonist idazoxan (0.1 mg/kg, i.m.) one hour prior to testing. Diazepam (1.0, 2.0, or 3.0 mg/kg) was injected i.m. two hours before the testing session. These doses were chosen to be greater than anxiolytic doses in humans (2-20mg or about 0.1-0.3 mg/kg), but not severely sedating in monkeys (Schulze et al. 1989; Wayner et al. 1989) . Clonidine was generously donated by Boehringer Ingelheim, Ridgefield, CT. Idazoxan was purchased from RBI, Natick, MA, and diazepam was purchased from Steris Laboratories, Inc, Phoenix, AZ.
Data Analysis
As the animals served as their own controls, statistical analyses employed repeated measures designs: paired t -test (also called dependent t -test or t -dep), and one-or two-way analyses of variance with repeated measures (ANOVA-R) with planned comparisons (1-ANOVA-R on effect of drug dose; 2-ANOVA-R on effect of drug dose and effect of delay interval; with test of effects). The effect of dose of clonidine on number correct was tested using a 1-ANOVA-R for saline and the six clonidine doses. A 2-way repeated measures ANOVA compared performance over the five delay lengths for saline and the six clonidine doses. A paired t test was used for comparison of saline vs. clonidine ϩ idazoxan. Nonparametric analysis (Wilcoxon) was used for analysis of the sedation rating data.
RESULTS
Effect of Clonidine Treatment on Delayed Response Performance
Clonidine treatment significantly altered delayed response performance [1-ANOVA-R: F(6,30) ϭ 2.69, p ϭ .03]. Figure 1 shows the mean number of trials correct on the delayed response task (top graph) and the mean sedation ratings (bottom graph) for all six animals. Post-hoc tests revealed that both 0.02 mg/kg (F(1,5) ϭ 7.013, p Ͻ .05) and 0.1 mg/kg (F(1,5) ϭ 8.741, p Ͻ .05) clonidine significantly improved task performance when compared to saline. There was a trend towards improvement following 0.05 mg/kg clonidine (F(1,5) ϭ 5.058, p ϭ .07). At this dose there was significant variability between monkeys in both cognitive performance and sedation which may account for the trend not reaching significance. Figure 2 shows individual doseresponse curves for each of the six animals following treatment with each dose of clonidine. To test the reliability of the effect, in four of the six animals the most efficacious dose of clonidine (see Table 1 ) was repeated and significantly improved performance (saline (20.16 Ϯ trials correct) vs. repetition of clonidine (23.75 Ϯ .73 trials correct) t -test: p Ͻ .02).
Delay analysis revealed a significant effect of clonidine (F(6,30) ϭ 3.10, p Ͻ .02) and a significant effect of delay (F(4,20) ϭ 13.623, p Ͻ .0001) but no interaction. The effects of the most efficacious dose of clonidine (see Table 1 ) and saline on performance at the five different delay lengths are shown in Figure 3 . As expected, with saline treatment, performance worsened with increasing delay. However, it is important to note that the animals made errors at the "0" second delays as well. These errors likely arose from the distracting effects of the screen rapidly lowering and rising. As can be seen in Figure 3 , clonidine treatment improved task performance at all delays. Figure 1 shows the median sedation rating Ϯ range for all six animals following clonidine treatment. The three highest doses of clonidine tested produced significant experimenter-rated sedation. The median score following 0.02 mg/kg was I, quieter than usual (Wilcoxon: p Ͻ .045); the median score following 0.05 mg/kg was II, sedated, with scores ranging from 0 (normal) to III (intermittent sleeping) (Wilcoxon: p Ͻ .05) whereas all monkeys were scored as II, sedated, following 0.1 mg/ kg (Wilcoxon: p ϭ .02). The median score following 0.01 mg/kg was 0.25 (Wilcoxon p Ͼ .1) and following all lower doses was 0 (normal). The most efficacious dose of clonidine (see Table1) also significantly increased sedation ratings (median score ϭ 1.875, range 0-II, Wilcoxon p ϭ .068).
Sedation
Reversal by Idazoxan
For each animal, the most efficacious dose of clonidine (see Table 1 ) was challenged with the ␣ -2 antagonist, idazoxan (0.1 mg/kg). As shown in Figure 4 , performance following the combined treatment (20.75 Ϯ 1.13 trials correct) was not significantly different from performance following saline treatment ( t -test: p ϭ .63), and was significantly different from performance following clonidine treatment alone (t-test: p ϭ .03). Idazoxan also reversed the sedation produced by clonidine (Wilcoxon clon vs. clon ϩ ida: p ϭ .03), returning all sedation rating scores to 0 (normal).
Effect of Diazepam Treatment on Delayed Response Performance
The mean Ϯ SEM trials correct following saline, or diazepam (1.0, 2.0, or 3.0 mg/kg) are shown in Figure 5 . No dose of diazepam tested effected delayed response performance. At the 2.0 mg/kg dose, the data from only three of the four animals are included in the mean, as one animal, who was described as slightly ataxic and agitated, refused to finish testing (10/16 correct). At the 3.0 mg/kg dose, two of the four animals were described as quieter and ataxic. At the 3.0 mg/kg dose, the median sedation score was 0.5 (between normal and quiet; Wilcoxon sal vs. dzp: p ϭ .576). Experimenter-rated sedation following diazepam was not significantly different from saline, ranging from II (sedated) to ϪII (slightly agitated). No measurements of reaction time were taken, and it is likely that the relatively crude sedation rating scale used here may be less sensitive than automated procedures in detecting subtle changes in sedation. Additionally, diazepam can disinhibit behavior, which may lead to sedation scores of ϪII. 
DISCUSSION
Higher doses (0.02-0.1 mg/kg) of the ␣-2 agonist clonidine improved performance on the delayed response task in young adult monkeys, while lower doses (0.0001-0.01 mg/kg) had no effect on task performance. The improvement in task performance was not entirely unexpected, as: 1) clonidine has previously been shown to produce a small but consistent improvement in young animals (Jackson and Buccafusco 1991); and 2) Figure 2 . The effect of clonidine on delayed response performance in individual animals. Circles represent number of trials correct out of a possible 30 trials following saline or clonidine (0.0001-0.1 mg/kg) treatment. The saline point represents the mean performance following saline administration given at a time when drug would have been given, and the testing session before drug was administered. Dashed lines represent the range of saline performance for each animal during the course of the study. Animal #93-21 failed to complete testing following two separate administrations of 0.05 mg/kg clonidine, scoring 4/6 and 9/10 trials correct. The mean for all other animals at the 0.05 dose (22.8) was substituted in this empty cell in the 2-ANOVA-R. The 0 and the Roman numerals I, II, and III refer to the sedation score received by that animal during that testing session.
guanfacine also produces improvement in young animals . However, experiments in both normal human volunteers and rats have found inconsistent improvement following clonidine treatment. The doses tested in human studies ranged from 0.001-0.003 mg/kg clonidine (Coull et al. 1995a, b; Jakala et al. 1999 ). The present study in monkeys found beneficial effects on working memory only at doses ten times as high as those used in human studies. This suggests that the human studies have not detected the cognitive improvement seen here because the sedation at these higher doses precludes use in volunteers. The present findings also suggest that sedation may account for previous negative findings in monkeys, in which many monkeys failed to complete testing following high clonidine doses (Jackson and Buccafusco 1991) . In that study, the animals were tested in their home cages using automated procedures. It is likely that the presence of the experimenter in the WGTA in the present study may compel animals to complete testing when they otherwise might be too sedated. In the current study, only one monkey was unable to complete testing following a high dose of clonidine (0.05 mg/kg).
The improvement in task performance produced by clonidine in these young animals was smaller than that found previously in aged animals (Arnsten et al. 1988) . Given the age-related decline in NE, the present results are consistent with the finding that in animals experimentally depleted of catecholamines clonidine was the most beneficial in animals with the greatest NE depletion (Arnsten and Goldman-Rakic 1985) .
Sedation may also be responsible for the lack of improvement in working memory in young rats following treatment with the ␣-2 agonist medetomidine (Carlson et al. 1992) , an agonist with potent sedative effects. Mice are, however, improved by guanfacine on a delayed alternation task ) at doses comparable to those used in young adult monkeys. These data suggest that more extensive dose/response analysis in rats with less sedating agents such as guanfacine may also find improvement with higher doses.
Delay analysis
Improved task performance following clonidine in the current study was observed across all delays, including the 0 second delay. The errors occurring at 0 second delays in saline treated monkeys are likely due to the distracting effects of the experimenter rapidly raising and lowering the screen. The finding that clonidine improves performance under these conditions would support previous suggestions that clonidine is especially useful under distracting conditions (Jackson and Buccafusco 1991; Arnsten and Contant 1992) . Clonidine may protect working memory from distraction by increasing delay related activity in the prefrontal cortex (Li et al., accompanying paper), and/or by suppressing the processing of irrelevant stimulation to protect the contents of working memory (reviewed in Arnsten et al. 1996) . In fact, distractors which disrupt performance have Figure 3 . The mean number trials correct Ϯ SEM at each of the five delays following saline and each animals most efficacious dose of clondine. Open bars ϭ saline, shaded bars ϭ clonidine. 2-ANOVA-R revealed a significant effect of clonidine (F(6,30) ϭ 3 .10, p Ͻ .02) and a significant effect of delay (F(4,20) ϭ 13.623, p Ͻ .0001). been shown to decrease delay-related firing in PFC neurons (Fuster 1973) . Performance following the longest delays in this study likely involved prefrontal cortex interactions with hippocampal and medial temporal cortical regions, as the hippocampal complex is needed for delays greater than 10 seconds (Zola-Morgan et al. 1989) . The finding that clonidine did not differentially improve performance at long delays argues against drug actions in the medial temporal lobe. This is consistent with a previous literature showing that clonidine does not improve, and may actually impair, memory functions of the medial temporal lobe (Arnsten and Goldman-Rakic 1990) .
Cognitive vs. Nonspecific Effects
Sedation and Motivation. Due to the broad-ranging effects of clonidine, it has naturally been suggested that improvements on cognitive tasks may be due to nonspecific factors, such as decreased anxiety, sedation, or increased hunger. It is unlikely that the sedative effect of clonidine is indirectly responsible for improved cognitive performance for several reasons. First, clonidine does not improve non-PFC tasks (Arnsten 1998 ) which would be expected if non-specific performance variables were enhanced by clonidine. Also, in a previous study, a similar delayed response improvement following guanfacine treatment occurred independent of sedation . Changes in motivation are also unlikely to have produced the task improvement seen here. Clonidine is known to increase food intake in rats and monkeys (Katz et al. 1989; Schlemmer et al. 1979) , most likely via post-synaptic ␣-2 receptors in the paraventricular nucleus of the hypothalamus (McCabe et al. 1984) , possibly by a disinhibition of 'satiety' neurons. In the current study, animals were food regulated and no problems with motivation or eating all food rewards were seen at any time.
Diazepam
Adding further support to the hypothesis that clonidine's improvement is not due to non-specific factors, diazepam treatment produced no significant change in delayed response performance, even though this compound has many of the same "non-specific" actions as clonidine. The dose of diazepam used clinically in humans to relieve anxiety is about one tenth that used here, and diazepam in this dose range has been found to be mildly sedating (Danion et al. 1989 ) in humans. Non-human primates show significant deficits in response time during various tasks in the 1.0 to 2.0 mg/ kg dose range (Wayner et al. 1989; Hudzik and Wenger 1993) , and these longer response times have been considered an indication of diazepam's sedating effects. In the current study, no significant change in sedation score was induced by diazepam treatment. This rating scale, however, is not designed to detect the subtle increases in response time which have been measured in the above mentioned primate studies. The lack of increased sedation ratings does not rule out that some slowing and anxiolytic effects occurred. Higher doses of diazepam did produce some side effects, as two animals were quieter than usual and ataxic and one animal was slightly agitated and ataxic. This agitation may be a sign of disinhibition, which is commonly seen with diazepam treatment in humans.
Previous findings suggest that diazepam at even higher doses than used here would be more likely to impair performance than improve it. Diazepam has been found to impair performance on various tests of attention, vigilance, learning and working memory (Coull et al. 1995a, b; Danion et al. 1989; Roy-Byrne et al. 1987; Kozena et al. 1995) . Diazepam (1.0 mg/kg) impaired performance and responding on a delayedmatch-to-sample task in rhesus monkeys (Hudzik and Wenger 1993) . In monkeys, 3.2 mg/kg diazepam has impaired a serial probe recognition task (Castro 1995) but only 10 mg/kg diazepam impaired a delayed alternation task (Bradley and Nicholson 1984) , suggesting that spatial working memory tasks such as that in the current study need higher doses for impairment to be seen. As both clonidine and diazepam have effects such as producing sedation (Wayner et al. 1989) , relieving natural and drug-induced anxiety anxiety (Charney et al. 1983; Dawson et al. 1995) , and reducing LC firing, the very different cognitive profiles produced by these compounds suggests that these effects do not underlie the cognitive improvement seen with clonidine treatment.
Receptor Mechanisms
Given the systemic mode of administration used in the current study and the broad distribution of ␣-2 receptors in the brain, possible sites of action, both presynaptic and postsynaptic, are numerous. There is evidence, however, that at least some of the actions of clonidine beneficial to task performance are taking place at postsynaptic receptors directly in the prefrontal cortex (for review see Arnsten et al. 1996) .
Presynaptic vs. Postsynaptic. Many effects of clonidine have been attributed to presynaptic ␣-2 receptors, both because ␣-2 receptors were the first presynaptic receptors discovered, and because the inhibitory effect of clonidine on locus coeruleus activity is pronounced (Svensson et al. 1975; Cedarbaum and Aghajanian 1977; Adams and Foote 1988) . However, it is now apparent that there are plentiful post-synaptic ␣-2 receptors (U' Prichard et al. 1980; Dausse et al. 1982; Dooley et al. 1983) . ␣-2 Receptor mRNA is enriched throughout the rat brain (Nicholas et al. 1993; Scheinin et al. 1994 ) and electron microscopic studies of antibodies directed to- Figure 6 . Shown is a comparison of the effects of clonidine in the animals in the current study and young reserpinetreated animals. Open circles represent the mean Ϯ SEM trials correct following clonidine treatment in reserpine treated animals (from Cai et al. 1993) , and filled circles represent the mean number correct Ϯ SEM following clonidine treatment in the animals in the current study (from Figure 1) . wards the ␣-2 receptor in monkey have shown a majority of receptors appearing to be post-synaptic (Aoki et al. 1994) . The prevalence of post-synaptic ␣-2 receptors suggests that many of the effects of high doses of systemic ␣-2 agonists, such as clonidine, may occur via post-synaptic receptors.
The ability of clonidine to improve task performance in animals with NE depletion supports actions at supersensitive post-synaptic receptors. A study of young, reserpine treated monkeys (Cai et al. 1993 ) is directly comparable to the present study, as both used the same methods and doses of clonidine. The results of the two studies are shown together in Figure 6 . The same low doses which produced no effect in normal young monkeys significantly improved performance in animals depleted of NE by reserpine. Higher doses of clonidine improve task performance in both groups of animals. The finding that clonidine is more, rather than less, potent in animals in whom the presynaptic element is depleted is consistent with drug actions at post-synaptic receptors.
In addition to such post-synaptic actions in cortex, it is possible that clonidine also acted to optimize the pattern of LC firing. It has also been shown that in awake animals, clonidine's effect on LC firing is complex. Decreases in tonic baseline firing following clonidine treatment may be accompanied by preserved phasic responses to appropriate stimuli in the rat (Adams and Foote 1988) and in the monkey (Rajkowski et al. 1995) . Such phasic, stimulus-related activation of the LC leads to greater NE release than tonic activation (Florin-Lechner et al. 1996) . Decreases in LC baseline activity following application of other drugs have actually been shown to lead to relatively increased responsiveness to sensory stimuli (Aghajanian 1980) . Thus, clonidine may have optimized the pattern of LC firing in the monkeys examined in the current study.
CONCLUSIONS
The results of the current study extend previous findings of cognitive improvement by ␣-2 agonists in young animals. This improvement appears to involve postsynaptic ␣-2 receptors. Previous negative results using clonidine in human studies may result from insufficient doses, necessitated by sedative side effects.
